Although Mg2+ is an important cofactor for the specific degradation of RNA by ribozymes, it is not considered as a typical chemical nuclease. In this study we show that in combination with common buffers such as tris(hydroxymethyl)aminomethane and sodium borate. Mg2+ is a powerful catalyst for the degradation of RNA. pH and temperature are found to be the principal factors for the efficient degradation of RNA. Whereas in Tris-HCl/Mg2+ the effi cient cleavage starts at pH values higher than 7.5 and temperatures higher than 37 °C, in sodium borate RNA degradation begins at pH 7.0 and at 37 °C. RNA hydrolysis promoted under the combined catalytic activity of buffer/Mg2+ results in partially degraded RNA and negligible amounts of acid-soluble material. Reaction is insensitive to the concentration of monovalent cations but is completely prevented by chelating agents (E D TA and citrate) at concentrations exceeding that of Mg2+. Borate-magnesium reaction is inhibited also by some polyvalent alcohols (glycerol) and sugars.
Introduction
The presence of a 2 '-OH group in the ribose moiety is the main reason for chemical instability of RN A in comparison with DNA. Unlike DNA, R N A is easily hydrolysed in aqueous solutions in the presence of alkali or heavy metal ions (M or row, 1994). On the other hand, RNA as a single stranded biopolymer, binds naturally Mg2+ and other metal ions, which are necessary for the main tenance of its higher ordered structures (Morrow, 1994 ; Van A tta and Hecht, 1994) . W hereas Mg2+ is not a co-factor for the enzymatic hydrolysis of R N A (Morrow, 1994) As a result, the necessity of divalent ions for the ribozyme reaction is commonly accepted but the exact role of magnesium in the transesterification reaction accompanying the cleavage of the phos phate diester bond is still disputable. It should be mentioned that the Mg2+ catalysed hydrolysis is considered as independent of the buffer com po nents and it is mainly discussed in the context of sequence specific cleavage of RNA. Therefore, Mg2+ itself is not considered as a degrading agent for R N A at neutral pH values (Breslow and Hu ang, 1991; Morrow, 1994) but as a secondary struc ture stabiliser.
In our laboratories we have observed an in creased instability of RNA in certain buffers in the presence of magnesium salts. Surprisingly, some of them like tris(hydroxymethyl)aminomethane hy drochloride (Tris-HCl) and sodium borate, are among the most commonly used buffers in the RN A research. In this report, we provide data about the factors affecting RNA hydrolysis in buffers containing Mg2+ and discuss the possible mechanism of that reaction.
Materials and Methods

Preparation o f RNA
Tobacco mosaic virus (TM V ) RNA was pre pared by phenol extraction of purified TMV. Total RNA from E. coli was prepared according to cur rent protocols (Sambrook et al., 1989). RNA prep arations were extracted consecutively with phenol/ chloroform and chloroform. RN A was used only if no detectable degradation was found after an overnight incubation in T E buffer (10 m M Tris-HC1, 1 mM ED T A ) at 37 °C. E. coli rRN As and tRN As were either purchased from Boehringer Manheim or purified from total bacterial RNA.
RNA fragments of defined length were pre pared by in vitro transcription of DNA fragments cloned downstream of the T7 RNA polymerase promoter in pBS M13+ (Stratagene) using T7 RNA polymerase and ribonuclease inhibitors (New England BioLabs). Template DNA was di gested by DNase (RNase free) and RN A samples were extracted extensively with phenol, phenol/ chloroform and chloroform. All RN A prepara tions were stored at -2 0 °C in T E buffer at a con centration of 1 mg/ml.
Hydrolysis and electrophoresis o f RNA
Conditions for degradation of RNA in buffers are given in the figure legends. Agarose gel (1% or 1.5% ) electrophoresis was carried out in Tris/ borate, ED T A , pH 7.5 buffer containing 0.5 [ig/ml ethidium bromide at room temperature. Values for PH were determined for each buffer at the indi cated temperature.
Terminal nucleotide analysis
32P-labelled RNA preparations were prepared for 5'-or 3'-terminal nucleotide analysis as fol lows: TM V RNA and rR N A were partially de graded in: 1) 50 mM Tris-HCl, pH 8 .0 ,2 0 mM MgCl 2 at 55 °C for 2 h; 2) 50 mM sodium borate, pH 7.5, 20 mM MgCl 2 at 55 °C for 2 h; 3) 10 mM KOH at 37 °C for 30 min. RNA was precipitated with 5% (final concentration) ice-cold trichloro acetic acid (T C A ) for 15 min and the precipitate was washed consecutively with ice-cold 90% ethanol, 70% eth anol and then dissolved in T E buffer at a concen tration of 0 .5 -1 .0 mg/ml. One half of the RNA sample was treated with alkaline phosphatase (0.5 U/mg R N A ) at 37 °C for 30 min and the other half was extensively extracted with phenol, phenol/ chloroform and chloroform, precipitated with eth anol and dissolved in T E buffer ( 0 .5 -1 .0 mg/ml). 
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The difference between the retention times of the nucleoside-2'-monophosphates and nucleoside-3'-monophosphates was approximately 5 min (i.e. 17 min for 2'-U M P and 22 min for the 3'-UM P).
Chemicals and lahware
All reagents used in this study were of ultra pure grade practically free from metal ions and RNase free. Buffers were prepared with diethylpyrocarbonate (D E P C ) treated and autoclaved water. All reactions and manipulations were ca r ried out in D EPC pre-treated glass and plastic wear followed by autoclaving.
Results
We have observed that ultra pure preparations of RNA (free of RNases) were unstable at storage or heating in certain buffers. RNA stability in creased in the presence of ED T A or sodium citrate and decreased drastically when Tris-HCl, sodium borate and other buffers were supple mented with magnesium salts. The aim of the pre sent study is to investigate this phenomenon.
Degradation o f RNA in buffers supplemented with magnesium salts
Ultrapure (deproteinised) TM V RNA is stable in neutral solutions at 55 °C for many hours. Since this RNA is homogeneous in size (6395 nt) and because it is of high molecular weight, it is easy to detect any partial degradation simply by agarose gel electrophoresis. That is why TM V RNA was chosen as a substrate for preliminary screening of hydrolytic activity of the buffers. The following buffers were tested alone and also in combination with 20 mM MgCl2: threonine, glycine, sodium bo rate, Tris-HCl and Tris-borate. Solutions (50 m M ) of most of the L-amino acids were also tested. Surprisingly, we found that the most commonly used buffers such as Tris-HCl, Tris-borate and so dium borate were among the most aggressive in the presence of Mg2+. As seen in (1); glycine (2, 3); sodium borate (4, 5) and Tris-HCl (6, 7). Samples were loaded on 1% agarose gel containing 0.5 mg/ml ethidium bromide. The lesser amount of RNA in lane 5 is probably due to degradation under these con ditions.
tion of TM V RNA in sodium borate and Tris-bo rate was essentially the same (but always higher in comparison with Tris-HCl) the latter one was abandoned. All further experiments were carried out with Tris-HCl and sodium borate buffers, des ignated as buffers A and B. Experiments with
E. coli rR N A carried out under the same condi tions showed identical (data not shown).
Effect o f buffer and monovalent ion concentrations
To study the effect of buffer concentration on the degradation of RNA. Mg2+ concentration and pH values were kept constant (20 mM and pH 8.0 respectively) and buffer concentration was varied between 20 and 200 mM for buffer A and 20 to 70 mM for buffer B. The results showed that the degradation of RNA was practically independent of buffer concentration (data not shown). Mono valent ions, N a+ and K +, used at concentrations between 0 and 300 mM in buffers A and B supple mented with Mg2+, did not have a noticeable effect on the hydrolytic reaction (data not shown).
Effect o f M g2+ concentration and p H
Although increased Mg2+ concentration (be tween 2 and 100 mM) accelerated the degradation of RN A , it tended to aggregate into insoluble complexes preventing its migration in agarose gels at concentrations higher than 50 mM MgCl2 (Fig. 2A ) . 
Inhibitors
To shed light on the mechanism of degradation of RN A in buffers A and B supplemented with Mg2+ we investigated the interference of various inorganic and organic compounds with the hy drolytic reaction. Our results showed that in both buffers the hydrolytic reaction was inhibited by ED T A concentrations higher than those of Mg2+ (Fig. 2) . Similar results were obtained also with so dium citrate (data not shown). Surprisingly, both compounds prevented also the slight (back ground) degradation of RNA observed in buffer A (at pH >8.0) and in buffer B (at pH >7.5) alone in the absence of MgCl2 (Fig. 1) . From this obser vation we concluded that the minor degradation is probably due to the catalytic effect of traces of polyvalent metal ions naturally occurring in the RN A preparations.
Another unexpected result relates to the effect of polyvalent alcohols and carbohydrates on the degradation of RNA in buffer B (Fig. 3) . Some compounds like glycerol (but not ethylene or pro pylene glycols), glucose (but not sucrose or inosi tol) inhibited the hydrolytic reaction of RNA in buffer B/M g2+ with the same efficiency as the ED T A and citrate. None of these compounds, however, inhibited the degradation of RNA in buffer A/M g2+. This observation clearly suggests that the degradation of RNA in the two buffer systems follows different mechanisms. Although the 5 '-0 -P product was unexpected, all these possibilities were checked experimentally. To this end TMV RNA and rRN A were partially hydrolysed in buffer A/Mg2+ and buffer B/M g2+ and the degradation products were labelled with 32P at either the 5'-or 3'-end (see Materials and Methods). In order to determine which one (5' or 3 ') OH group is phosphorylated, labelling of both 5'-and 3'-ends of the RNA fragments was carried out before and after treatment with alkaline phos phatase.
As expected, the alkaline phosphatase treat ment did not interfere significantly with the incor poration of 32P-radioactivity at the 5'-terminus but drastically increased the radioactivity of the 3'-labelled products (data not shown). Based on this result, we concluded that the 3'-O H is phos phorylated either as a 3'-phosphate or 3',2'-cyclic phosphate diester. To specify the exact position of the terminal phosphate group a model experiment was performed with three nucleoside monophos phates: UpU, CpU and ApU. They were hy drolysed in both buffers A/M g2+ and B/Mg2+ and analysed by H PLC. Our results showed that in both cases, a free uridine was released and the nu cleotide component consisted of (almost) equimolar mixture of 3'-and 2'-ribonucleoside m ono phosphates. The same elution profile was obtained with the other three compounds hydrolysed with KOH.
S e q u e n c e sp ecificity o f the h y d ro ly tic reactio n
To study base specificity of the RNA hydrolysis promoted by buffer A/M g2+ and buffer B/Mg2+, both 5 '-and 3'-labelled products were hydrolysed completely with KOH and the distribution of the 32P-radioactivity between the free nucleotides was determined by electrophoresis. The results pre sented in Table I show that the distribution pattern of 32P radioactivity was almost the same for both 5'-labelled samples (treated and non-treated with alkaline phosphatase) whereas it was totally dif ferent for the 3'-labelled RNA preparations. As seen in Table I mainly the natural 3'-terminal nu cleosides (A for TM V RNA and A and U for rR N A s) were labelled before the phosphatase treatment.
Based on these results, we conclude definitely that RNA hydrolysis in buffer A/M g2+ and buffer B/M g2+ is not sequence or base specific and gener ate RNA species containing both 3' and 2' mono phosphates. Taking into consideration that the ribozyme re action results in cyclic 2',3'-m onophosphate for mation and that RNA dissolved in a typical ribo zyme buffer (Tris/Mg2+) is degraded nonspecifically, we are tempted to assume a different role of Mg2+ in the specific ribozyme reaction. We consider Mg2+ as playing a bifunctional role in the specific RNA cleavage. First, it employs its sta bilising effect on the secondary structure of RNA and second, it is a non-specific catalysts in the form of magnesium-aqua ion (M g(O H )+). In this form (occurring at pH higher than 7.0) Mg2+ to gether with the buffer component (i.e. the Tris cat ion in the role of a Lewis acid) is able to cleave any phosphate diester bond in RNA. The hy drolytic rate constant for the different phosphate diester bonds, however, is different and depends on the tension at the corresponding bond. In a typ ical ribozyme structure one of the bonds is much weaker than the others and it is hydrolysed prefer-entially. That is why the products of a ribozyme reaction usually consist of one or two main bands plus heterogeneous (sm ear) fragments generated by non-specific Mg2+/buffer catalysed hydrolysis of RNA. In the latter case, the hydrolytic activity of Mg2+ is not necessarily related to the co-ordination of the transition (phosphorane) state.
Besides Tris and sodium borate, combined cata lytic activity in the presence of Mg2+ is observed also with some other nitrogen containing buffers such as glycine, glycylglycine, glycineamide, Bicine 
